This review covers the application, mechanisms and limitations of simple alkylating agents that can be used for the conversion of carboxylic acids to esters, phenols to aryl ethers, enols to enol ethers and thiols to thioethers. Specific recent examples are provided to show the selectivity (regio or chemo) in these transformations. It is important to have access to these methods when considering alternatives to classical alkylating techniques.
Introduction
The alkylation of various acidic functional groups (Scheme 1) is important in total synthesis, to form derivatives, and in the preparation of protecting groups. 1 There have been many procedures to alkylate these groups using "classic" reagents (where R'Z are small alkyl electrophiles) 2 but recently the search for new and improved alkylating agents has provided several alternatives to these traditional routes. In this review, we will discuss the classification of these reagents based on mechanistic considerations and how each compound has its advantages and limitations. 
Classification of Alkylating Agents
One can separate different alkylating agents into 3 categories which depend on the conditions of the reaction: basic, neutral or acidic (Table 1) . Associated with each condition is the mechanistic analysis which provides an idea of how the reaction takes place. For instance, if the alkylating agent is an electrophile in basic conditions, the mechanism shown in the first line in Scheme 2 is assumed to take place for a carboxylic acid. If the reaction takes place in neutral conditions, there are different mechanistic possibilities where the reagent acts as a base first, forming an activated 
Mechanistic aspects of alkylation of a general carboxylic acid.
The discussion of reactions where the alkylating agent is activated by other compounds (such as the Mitsunobu reaction) 3 or the external activation of the acidic compound (such as DDC) 4 will not be included in this review. The alkylation of carboxylic acids with alcohols in acidic conditions, commonly known as Fischer Esterification, has been reviewed in detail 5 and also will not be discussed here. This reaction has its limitations: small functional groups are required to reduce steric interactions and, because it is reversible, the equilibrium constant is not favorable. More interesting and effective is the use of basic, or preferably neutral, conditions. These latter transformations usually are more selective and occur under milder conditions than the acidic modern alternative is to use polymer-bound methyl sulfonate, 8 In aqueous conditions, it is possible to use Meerwein methylation, 9 using the corresponding oxonium salts (Me 3 O•BF 4 ) with NaHCO 3 . However, these salts are rapidly hydrolyzed in water. 10 A better procedure with these reagents is to use dichloromethane as solvent and a bulky amine as base. 11 Under these conditions, even sterically hindered or sensitive acids can be alkylated (Scheme 4). However, the alkylation is limited to the methyl and ethyl esters, from the corresponding oxonium salts which are most easily available. It should be noted that the use of the "classic" electrophilic reagents comes with a high risk of toxicity. 15 Methyl iodide (and other alkyl halides) are known carcinogens. 16 Dimethyl sulfate as an alkylating agent is especially dangerous since this reagent is an extremely hazardous liquid and vapor (causes delayed burns to lungs and tissues, may be fatal if inhaled). Dimethyl carbonate has been shown to be a safe (and environmentally friendly) replacement for these reagents. 17 In the presence of K 2 CO 3 or DBU 18 it is especially reactive. The reagent also alkylates phenols 19 but can be chemoselective for acids in the presence of NaY Faujasite (Scheme 6). Tetramethylammonium salts are other replacement alkylating agents which are non-volatile and non-carcinogenic. However, due to their lower reactivity, high temperatures (such as the injection port during a gas chromatographic analysis) are required. 21 For the alkylation of phenols, microwave conditions have been used with success. 22 The reaction is chemoselective for the phenolic hydroxyl group over the alcohol (Scheme 7). 
Alkylating Agents used in Neutral Conditions
The methylation of carboxylic acids and other acidic functional groups is often carried out in neutral conditions using diazomethane (CH 2 N 2 ). 23 However, due to its toxicity and the explosive nature of diazomethane (as well as the danger in the preparation and the carcinogenicity of the commercially available precursors), 24 several alternative reagents recently have been developed.
Trimethylsilyldiazomethane (TMSD) has been touted as a stable and safe alternative to diazomethane, 25 but its use is constrained by its high cost and lower efficiency. There are differences between the alkylations using these diazo compounds. Scheme 8 shows the corresponding mechanisms and indicates the importance of the addition of methanol in the case of TMSD. Reactions with higher alkyl diazo compounds are not common, due to limited access to the synthesis of these substituted diazo reagents. However, an in situ procedure for the formation of phenyldiazomethane (which forms benzyl derivatives) has been published. The aromatic triazenes, especially of p-toluidine (Scheme 9), can be used as alkylating agents of carboxylic acids 27 and vinylogous acids. 28 However, these reagents are also carcinogenic 29 and have the risk of being explosive. 30 Recently, polymer-bound triazenes have been shown to be "smart" reagents for alkylations. The mechanism of this transformation reveals this reagent to be a type of vinylog of diazomethane (Scheme 10). The only products which remain after decomposition of the reagent (nitrogen gas and p-toluidine) are easily removed or recycled. Dialkyl acetals of N,N-dimethylformamide (DMF) are often useful alkylating agents under neutral conditions. The methyl, ethyl and even the t-butyl derivatives are the most commonly used to form the corresponding esters (Scheme 11). 32 Heterocycles with SH, NH and OH can also be methylated with DMF dimethyl acetal (Scheme 11). Phenols can also be readily alkylated under neutral conditions. An example is the formation of t-butyl ethers of derivatives of morphine, which can readily decompose under acidic conditions (Scheme 12). A variety of esters can be prepared, even in the presence of various functional groups, with isourea ethers 36 (Scheme 14). 37 These compounds are easily formed from the corresponding alcohol and dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIC), which provides great flexibility to use methyl, 1°, 2° or 3° alkylating groups. 38 The polymer-supported O-methyl isourea has been developed for the efficient methylation of acids. An interesting showcase of the reactivity of these reagents is the regioselectivity in the case of enols. Only the 4-O-alkylated product (as expected for such "hard" alkylating agents) is obtained from tetronic acid derivatives (Scheme 15); no C-alkylation was observed.
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Page 259 © ARKAT USA, Inc. The mechanisms of the three "amide-based" alkylations are related; they all proceed via a protonated intermediate that activates the electrophile to attack by the nucleophile which provides an amide as the stable product (Scheme 16). The fact that primary, secondary and even tertiary groups react shows that the displacement step can have S N 1 or S N 2 character. Orthoesters can be used for the alkylation of acids, including amino acids. 42 There is evidence that the orthoesters of acetic acid react more effectively than those of formic acid for carboxylic and sulfonic acids. 43 The reaction is mild enough to chemoselectively form the ester in the presence of other functional groups (Scheme 17). 44 The reaction can also be run efficiently in room temperature ionic liquids as solvents. The displacement of the alkyl group is opposite to that expected by a S N 2 mechanism-i.e. isopropyl groups react faster than methyl groups. This fact indicates that the reaction must have at least some S N 1 character. S-propargyl xanthates have been used for the esterification of acids (Scheme 21). 47 This method shows high reactivity (even for the synthesis of neopentyl esters, which are notoriously difficult to form) and complete inversion of stereochemistry for secondary alcohols. The mechanism proposed for this transformation involves a sigmatropic rearrangement followed by formation of a betaine intermediate. This structure deprotonates the acidic proton and allows displacement by the nucleophile in a S N 2 process (Scheme 22). 
Conclusions
It is important to reevaluate the alkylating groups that we use in the laboratory, to reflect on the selectivity or toxicity of the reagents and not only to select the most common ones. Today, the importance of Green Chemistry requires that we consider the atom efficiency as well as the danger to the environment of the chemicals. Using these criteria, the most efficient alkylating agents appear to be the isoureas and the dialkyl carbonates. These reagents are easily and cheaply available, can contain a variety of functional groups and are remarkably selective. The dialkyl carbonates are slightly more atom efficient but the urea product formed in the alkylation using isoureas can be easily separated and recycled.
In summary, in an alkylation reaction during a synthesis one must decide on the relevant conditions, type of selectivity and the efficiency of the process before selecting the right reagent. We hope that this review will make the final decision easier to make.
